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1.	 Small,	 declining	 populations	 can	 face	 simultaneous,	 interacting,	 ecological	 and	
genetic	 threats	 to	 viability.	 Conservation	 management	 strategies	 designed	 to	
tackle	such	threats	independently	may	then	prove	ineffective.	Population	viability	
analyses	 that	 evaluate	 the	 efficacy	 of	management	 strategies	 implemented	 in-
dependently	versus	simultaneously	are	then	essential	to	the	design	of	effective	
management	plans,	yet	such	quantitative	evaluations	are	typically	lacking.














4.	 These	 outcomes	 arose	 because	 the	 capacity	 for	 translocations	 to	 alleviate	 in-
breeding	depression	is	 limited	by	food	availability,	while	supplementary	feeding	
cannot	achieve	population	viability	 in	the	presence	of	accumulating	 inbreeding.	
However,	 supplementary	 feeding	 improved	 environmental	 quality	 enough	 to	
allow	expression	of	variance	in	fitness	and	thus	inbreeding	depression,	meaning	
that	reductions	in	inbreeding	following	translocations	can	increase	λs.
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1  | INTRODUC TION
Small,	 declining	 populations	 can	 face	 multiple	 ecological,	 genetic	
and	demographic	 threats	 that	 act	 simultaneously	 to	decrease	 via-
bility	 (Fagan	&	Holmes,	 2006;	 Soulé	&	Mills,	 1998).	 Conservation	
managers	 often	 focus	 on	 tackling	 such	 threats	 independently,	 yet	
the	efficacy	of	 individual	strategies	may	be	interdependent	(Ewen,	
Armstrong,	Parker,	&	Seddon,	2012).	 Independent	management	of	
threats	may	 then	 fail	 to	 ensure	 population	 viability,	meaning	 that	
managers	 must	 tackle	 threats	 holistically	 or	 risk	 further	 popula-
tion	 decline	 and	 wasted	 conservation	 resources	 (Brook,	 Sodhi,	 &	
Bradshaw,	2008).	 Evaluating	 the	efficacy	of	multiple	management	




dation	 (Wiles,	 Bart,	 Beck,	&	Aguon,	 2003),	 disease	 (Preece	 et	 al.,	






once	 a	 population	 becomes	 small	 and	 isolated,	 demographic	 sto-
chasticity,	 and	 genetic	 threats	 from	 inbreeding	 and	 genetic	 drift	
can	further	decrease	population	viability	(Keller	&	Waller,	2002).	In	
particular,	inbreeding	can	threaten	short-term	viability	by	decreas-
ing	 individual	 fitness	 (i.e.	 inbreeding	 depression,	 Charlesworth	 &	
Willis,	2009;	Keller	&	Waller,	2002),	and	is	therefore	of	immediate	
concern.	One	 potential	management	 response	 is	 population	 rein-
forcement	through	translocations	of	suitable	conspecifics	(Seddon,	
2010).	Such	translocations	can	have	demographic	benefits	because	
increased	 population	 size	 reduces	 demographic	 stochasticity	 and	
Allee	effects	(Brown	&	Kodric-Brown,	1977;	Hufbauer	et	al.,	2015),	
and	 genetic	 benefits	 through	 reduced	 inbreeding	 and	 increased	
genetic	 diversity	 (Frankham,	 2015;	Whiteley,	 Fitzpatrick,	 Funk,	 &	
Tallmon,	2015).
However,	 translocations	may	 fail	 to	 increase	population	viabil-
ity	 if	 ecological	 threats	 are	 an	 overriding	 constraint	 on	 stochastic	
population	 growth	 rate	 (λs)	 compared	 to	 inbreeding	 depression.	
This	may	occur	if	inbreeding	depression	is	weak	or	depends	on	en-
vironmental	 conditions	 (inbreeding-by-environment	 interactions,	
















chough	 population;	 neither	 strategy	 independently	 is	 likely	 to	 achieve	 popula-
tion	persistence	and	may	consequently	waste	conservation	resources.	Managers	
of	 other	 resource-limited,	 inbred	 populations	 should	 consider	 that	 the	 efficacy	
of	strategies	designed	to	alleviate	ecological	and	genetic	threats	may	be	interde-
pendent,	such	that	holistic	management	is	essential	to	ensure	population	viability.
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Pilkington,	&	Bérénos,	 2017).	 Translocations	 to	 reduce	 inbreeding	
may	then	provide	little	improvement	in	population	viability	and	in-
stead	waste	conservation	resources.	Indeed,	translocations	negligi-
bly	 increased	persistence	probability	 in	American	martens	 (Martes 








Conversely,	 management	 strategies	 that	 focus	 on	 alleviating	
ecological	 threats	 but	 disregard	 genetic	 threats	 may	 also	 fail	 to	
ensure	population	viability	(Ralls	et	al.,	2018).	 Inbreeding	has	been	
associated	 with	 increased	 extinction	 risk	 in	 wild	 populations	 (e.g.	
Glanville	 fritillary	 butterfly	 Melitaea cinxia,	 Saccheri	 et	 al.,	 1998;	
Shore	 campion	 Silene littorea,	 Vilas,	 San	Miguel,	 Amaro,	 &	Garcia,	
2010; and Clarkia Pulchella,	Newman	&	Pilson,	1997),	and	may	sig-
nificantly	 decrease	 predicted	 time	 to	 extinction	 (O’Grady	 et	 al.,	
2006).	 Furthermore,	 inbreeding	 will	 inevitably	 increase	 if	 popula-
tions	remain	small	and	isolated	(Crow	&	Kimura,	1970),	and	thereby	












and	 is	 of	 major	 conservation	 concern	 is	 the	 Scottish	 red-billed	









Reid,	 Bignal,	 Bignal,	McCracken,	&	Monaghan,	 2003b,	 2004).	 The	
main	demographic	rate	causing	population	decline	 is	 low	first-year	
survival,	 reflecting	 low	 food	 availability	 (Reid	 et	 al.,	 2008;	 Reid,	
Bignal,	Bignal,	McCracken,	&	Monaghan,	2004).	Critically	low	first-
year	 survival	 during	 2007–2009	 caused	 a	 rapid	 projected	 popula-
tion	decline	 (deterministic	growth	 rate	λ	≈	0.87,	Reid	et	al.,	2011),	
sparking	 emergency	 intervention	 through	 targeted	 supplementary	
feeding	during	2010–2018	(Bignal	&	Bignal,	2011).	However,	Islay's	
chough	population	is	isolated	from	other	UK	populations	(Appendix	










tial	 strategies	 to	 achieve	 population	 viability	 is	 therefore	 urgently	
required.
PVAs	 for	 threatened	populations	are	often	 impeded	by	 lack	of	
data	on	baseline	demography	and/or	management	impacts,	greatly	
increasing	 uncertainty	 regarding	 population	 outcomes.	 We	 use	
detailed	 demographic	 data,	 including	 estimated	 effects	 of	 supple-
mentary	feeding,	and	available	genetic	data,	to	parameterise	PVAs	
designed	to	evaluate	λs	and	population	viability	given	four	potential	











2  | MATERIAL S AND METHODS
2.1 | Model structure and demography
We	 used	 an	 individual-based	 population	 model	 to	 evaluate	 the	
four	 proposed	management	 scenarios.	Our	 approach	 incorporates	
among-individual	 variation	 in	 inbreeding	 coefficient	 alongside	 de-
mographic	and	environmental	stochasticity	and	dynamic	age-struc-
ture,	 and	 incorporates	uncertainty	 in	 the	magnitude	of	 inbreeding	
depression	and	effects	of	supplementary	feeding.
The	 model	 considered	 an	 annual	 pre-breeding	 census,	 with	
first-year,	 second-year	 and	 adult	 (i.e.	 third	 year	 and	 older)	 stage	
classes.	 This	 structure	 adequately	 captures	 observed	 chough	
population	 dynamics	 (Reid	 et	 al.,	 2004).	 To	 capture	 known	 spa-
tial	variation	in	habitat	and	demography	across	Islay	(Reid,	Bignal,	
Bignal,	McCracken,	&	Monaghan,	2006),	the	model	was	structured	
into	 five	 subpopulations	 (A–E,	 Appendix	 1).	 Subpopulation	 car-
rying	capacities	were	set	 to	 the	maximum	number	of	historically	
occupied	 territories	 in	 each	 area,	 plus	 the	 number	 of	 associated	
sub-adults	(i.e.	fledging	to	age	three)	at	peak	population	size	in	the	
1980s	 (Monaghan	 et	 al.,	 1989,	Appendix	 4).	Additional	mortality	
was	applied	if	subpopulation	size	exceeded	the	defined	local	car-
rying	 capacity	 (Appendix	 1).	 Other	 forms	 of	 density-dependent	






Sub-adult	 choughs	 form	 non-breeding	 flocks	 before	 pair-
ing	 and	 acquiring	 a	 breeding	 territory	 (Reid,	 Bignal,	 Bignal,	
McCracken,	 &	 Monaghan,	 2003a;	 Reid	 et	 al.,	 2006).	 All	 mod-
elled	individuals	were	assumed	to	breed	annually	from	age	three.	
Dispersal	 between	 subpopulations	 was	 therefore	 modelled	 to	






scenario	 (i)	 no	management.	 To	 capture	 an	 appropriate	 baseline,	
this	model	was	parameterised	with	demographic	 rates	estimated	






a	brood,	 and	 the	mean	and	 standard	deviation	of	 the	number	of	
fledglings	 in	 successful	 broods.	 Since	 observed	 brood	 sex	 ratios	
are	equal	on	average	(Trask	et	al.,	2017),	simulated	offspring	were	
assigned	as	 female	or	male	with	equal	probability.	Stage-specific	
survival	 probabilities	 (ϕs)	 for	 first-years	 (ϕ1,	 fledging	 to	 age	 one	
year),	second-years	(ϕ2,	age	one	to	age	two)	and	adults	(ϕAd),	and	
hence	mortality	rates,	for	each	subpopulation	were	estimated	from	







cyclic	 population	 dynamics	 of	 the	 chough's	 tipulid	 prey	 (Reid	 et	
al.,	2008),	simulated	environmental	variation	in	ϕ1 was	partitioned	
so	that	half	followed	cyclic	variation	and	half	was	stochastic,	and	
was	 correlated	 across	 subpopulations	 (Appendix	 2).	 As	 environ-
mental	 variation	 in	 reproductive	 success	 is	 relatively	 small	 (Reid	
et	 al.,	 2004),	 it	was	 sufficiently	 captured	 through	 the	high	 simu-
lated	variance	in	ϕ1.	Mortality	of	simulated	individuals	was	realised	
at	 each	 annual	 time-step	 based	on	ϕs	 for	 each	 age	 class	 in	 each	
subpopulation.
2.2 | Inbreeding and inbreeding depression
To	ensure	 the	 initial	 simulated	population's	mean	 inbreeding	coef-
ficient	 (Fp)	and	coefficient	of	kinship	(K)	 reflected	the	Islay	chough	




(Wang,	 2011,	 Appendix	 3).	 These	 analyses	 yielded	 estimates	 of	
Fp	=	0.08	±	.02SE	and	r	=	0.15	±	.01SE.	To	account	for	likely	under-
estimation	of	Fp and r	 due	 to	microsatellite	 ascertainment	bias,	 as	









number	of	diploid	 lethal	equivalents	 (2B,	where	B	 is	the	slope	of	a	
regression	of	log(fitness)	on	Fi,	Charlesworth	&	Willis,	2009;	Keller	
&	Waller,	 2002).	 B	 can	 be	 estimated	 from	 breeding	 experiments	
(Darwin,	 1876),	 genomic	 analyses	 (Remington	 &	 O’Malley,	 2000)	
or	pedigree	analyses	(Keller	&	Waller,	2002).	However,	as	complete	
pedigree	and	genomic	data	are	unavailable	for	the	focal	population	




(Appendix	 3).	Model	 replicates	 drew	 values	 from	 this	 range	 using	
Latin	 Hypercube	 Sampling	 to	 optimally	 sample	 parameter	 space	







experience	 inbreeding	 depression,	 and	 that	 genetic	 rescue	 could	
potentially	restore	the	putative	outbred	ϕ1 as	opposed	to	only	the	
currently	observed	ϕ1	(Appendix	4).










such	 translocations	 in	 years	 3	 and	 6	 (i.e.	 a	 total	 of	 48	 individu-
als,	Appendix	5).	These	moderate-sized	translocations	comprised	
enough	 individuals	 to	ensure	 that	 some	would	 survive	 to	breed,	
while	 avoiding	 “genetic	 swamping”	 of	 the	 existing	 population	
     |  5Journal of Applied EcologyTRASK eT Al.
(Appendix	 5).	We	 also	 considered	 an	 additional	 scenario	 of	 two	
large	 translocations	 of	 48	 individuals	 (24	 females,	 24	 males	 in	
each	 translocation)	 in	 years	 3	 and	 6,	 designed	 to	 ensure	 that	
more	 translocated	 individuals	would	 survive	 to	breed	 (Appendix	
5).	Translocated	 individuals	 took	the	same	baseline	demographic	














fore-after	 control-impact	 (BACI)	 analyses	 that	 compared	 individu-
als	 inhabiting	 areas	with	 and	without	 supplementary	 feeding	with	





















location	 scenarios	 as	 for	 the	 independent	 ecological	 and	 genetic	
management	scenarios	above.




from	each	area	 that	 survived	 to	 age	one	or	 two	 in	2017	 (i.e.	 sub-
adults),	 with	 an	 initial	 stable	 age	 distribution	 calculated	 given	 the	
specified	baseline	demographic	rates	(Appendix	4).
For	 species	 like	 choughs	 with	 moderately	 long	 mean	 gener-
ation	 times	 (~6.7	years,	Trask	et	 al.,	 2017),	 the	most	appropriate	
time-frame	for	PVAs	represents	a	trade-off	between	including	suf-
ficient	 generations	 to	 incorporate	demographic	 and	 genetic	 pro-
cesses	affecting	viability	 (Armbruster,	Fernando,	&	Lande,	1999),	
and	 avoiding	 error	 and	 unreliable	 predictions	 due	 to	 unknown	











extant	 years.	 Means	 and	 95%	 confidence	 intervals	 (95%CIs)	 for	






The	 baseline	 model,	 representing	 the	 “no	 management”	 scenario,	
suggests	that	Islay's	chough	population	would	decline	to	extinction	
relatively	 rapidly	 following	cessation	of	supplementary	feeding;	all	





Models	 that	 considered	 proposed	 genetic	 management	 scenarios	








Supplementary	 feeding	 was	 estimated	 to	 have	 positive	 effects	
on ϕ1,	 ϕ2, ϕAd	 and	 breeding	 success	 (Figure	 2,	 Appendix	 6).	
Models	that	included	these	effects,	representing	current	ecologi-
cal	 management	 without	 genetic	 management,	 showed	 slower	
population	 decline	 (Figure	 3c):	 ~37%	 of	 replicate	 populations	









To	 provide	 some	 validation	 of	 this	 assessment,	 the	 observed	
change	 in	 the	 Islay	 chough	 population	 size	 through	 the	 supple-
mentary	feeding	period	 (2010–2017)	falls	within	the	95%CI	of	the	
projected	population	 sizes	 (Figure	3c,	Appendix	 S8),	 implying	 that	
projections	are	reasonable.





population	 decline	 (Figure	 3d,	 Appendix	 7).	With	 two	 transloca-
tions	each	of	24	individuals,	population	size	was	initially	stable	on	
average	(휆s=1.00,	95%CI:	0.89–1.08	across	years	8–25,	Figure	3d).	
However,	 there	was	a	 tendency	 for	 renewed	decrease	 from	year	
25,	reflecting	reaccumulation	of	inbreeding	(휆s	=	0.97,	95%CI:	.82–
1.06	across	years	26–50,	Figure	3d,	Appendix	3).	With	two	larger	









= 0.86 (95% CI: 0.81–0.91)
PE = 1.00
= 0.89 (95% CI: 
0.84–0.93)
PE = 1.00
= 0.90 (95% 
CI: 0.86 –0.94)
PE = 0.99
= 0.92 (95% CI: 
0.88–0.96)
PE = 0.94
= 0.93 (95% CI: 0.86–1.02)
PE = 0.66
= 0.99 (95% CI: 
0.91–1.06)
PE = 0.22
= 1.01 (95% CI: 
0.93–1.08)
PE = 0.09
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translocations	each	of	48	individuals,	population	size	was	stable	on	
average	over	the	full	50-year	time-frame	(Figure	3d).	Again,	there	
was	 substantial	 uncertainty	 in	 quantitative	 outcomes.	 However,	
the	overall	qualitative	pattern	compared	to	other	modelled	scenar-
ios	was	again	reasonably	clear:	simultaneous	ecological	and	genetic	
management	was	 the	only	scenario	 that	yielded	 likely	population	
viability.
4  | DISCUSSION
Effective	 conservation	 of	 populations	 experiencing	 interacting	







We	show	that	capacity	 to	alleviate	 inbreeding	depression	 through	
translocations	 is	 limited	 by	 ecological	 constraints	 attributable	 to	
food	availability,	while	current	supplementary	 feeding	designed	to	
alleviate	these	constraints	may	on	its	own	be	insufficient	to	ensure	





must	 tackle	 ecological	 and	 genetic	 threats	 holistically,	 or	 risk	 fail-
ing	 to	 achieve	 management	 objectives	 and	 wasting	 conservation	
resources.





depression,	 and	 hence	 the	 potential	 for	 genetic	 rescue,	 will	 be	
minimal	 in	 very	 harsh	 environments	 where	 all	 individuals	 have	
low	fitness	(Figure	1,	Waller	et	al.,	2008).	Here,	outbred	offspring	
of	matings	between	 translocated	 and	native	 individuals	 still	 ex-
perience	high	mortality	because	resources	are	simply	insufficient	
to	survive.	 Indeed,	an	 immigrant	 into	the	Isle	Royale	wolf	 (Canis 
lupus)	population	had	negligible	impact	on	λ	despite	increased	het-
erozygosity,	attributed	to	poor	environmental	conditions	(Adams,	
Vucetich,	 Hedrick,	 Peterson,	 &	 Vucetich,	 2011).	 Alternatively,	




sulted	 in	 little	 evidence	 of	 genetic	 rescue,	 probably	 due	 to	 low	
survival	of	translocated	individuals	(Arrendal,	Walker,	Sundqvist,	
Hellborg,	&	Vilà,	2004).	However,	even	our	simulated	large	trans-









ing	 of	 Scottish	 choughs	 is	 having	 valuable	 positive	 demographic	
effects	 (Figure	 2,	Appendix	 6),	 our	 PVA	 suggests	 that	 this	 inter-




population	 viability	 was	 simultaneous	 supplementary	 feeding	
and	 translocations.	Here,	 supplementary	 feeding	 improved	 envi-
ronmental	 quality	 enough	 to	 allow	 expression	 of	 inbreeding	 de-
pression,	meaning	that	the	reduction	in	inbreeding	resulting	from	
translocations	could	increase	λs	(Figures	1	and	3).	Ideally,	improve-




helminthic	 treatment	of	 livestock	 to	 increase	dung	 invertebrates	





viduals	were	 also	 assumed	 to	 experience	 the	 same	demographic	




viability	of	 the	Scottish	chough	population	will	 therefore	 require	
ecological	management	 that	 is	 sufficient	 to	maintain	 or	 improve	
environmental	quality	and	thus	achieve	high	demographic	rates	of	
both	native	and	translocated	individuals,	alongside	translocations	
from	 a	 suitable	 source	 population.	 While	 concurrent	 ecological	
and	genetic	management	strategies	have	been	suggested	for	other	
threatened	populations,	including	greater	prairie	chickens	(Bouzat	
et	 al.,	 2009)	 and	 tigers	 (Panthera tigris,	 Kenney	 et	 al.,	 2014),	 our	
analyses	 quantitatively	 demonstrate	 the	 need	 for	 such	 holistic	
approaches.
The	 scenario	 of	 two	 moderate-sized	 translocations	 and	 sup-
plementary	 feeding	 resulted	 in	 stable	휆s	 for	~25	years	 (~3	chough	
generations),	 due	 to	 the	 joint	 genetic	 and	 demographic	 benefits	
of	 translocations	 alongside	 supplementary	 feeding	 (Appendix	 7).
However,	 휆s	 subsequently	 decreased	 due	 to	 re-accumulating	 in-
breeding	 (Figure	 3d,	 Appendix	 3).	 Additional	 simulations	 showed	
that	 this	 can	 be	 resolved	with	 a	 third	 translocation	 at	 year	 25	 or	
larger	 initial	 translocations,	 thereby	 ensuring	 population	 stabil-
ity	 over	 the	 full	 50-year	 period	 (Figure	 3d,	Appendix	 7).	A	 similar	









Quantitative	 evaluations	 of	 proposed	 management	 ap-
proaches	may	be	impeded	by	the	inherent	stochasticity	of	small,	
declining	populations	(Beissinger	&	Westphal,	1998).	Additionally,	
key	 demographic	 and	 genetic	 parameters	 are	 commonly	 un-
known;	 effects	 cannot	 be	 directly	 estimated	 for	 strategies	 that	
have	not	yet	been	implemented,	and	current	strategies	are	often	
implemented	as	emergency	 interventions	 rather	 than	controlled	









to	 result	 in	 a	 viable	 Scottish	 chough	 population.	 Management	
actions	 should	 therefore	 focus	 on	 implementing	 appropriate	
grassland	management,	 complemented	with	 translocations,	with	
continued	 supplementary	 feeding	 until	 grassland	 management	
has	sufficiently	improved	environmental	quality.	Decision	makers	
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